A molecular dynamics study has been performed on a liquid film sheared between moving solid walls. Thermal phenomena that occur in the Couette-like flow were examined, including energy conversion from macroscopic flow energy to thermal energy, i.e., viscous heating in the macroscopic sense, and heat conduction from the liquid film to the solid wall via liquid-solid interfaces. Four types of crystal planes of fcc lattice were assumed for the surface of the solid wall. The jumps in velocity and temperature at the interface resulting from deteriorated transfer characteristics of thermal energy and momentum at the interface were observed. It was found that the transfer characteristics of thermal energy and momentum at the interfaces are greatly influenced by the types of crystal plane of the solid wall surface which contacts the liquid film. The mechanism by which such a molecular scale structure influences the energy transfer at the interface was examined by analyzing the molecular motion and its contribution to energy transfer at the solid-liquid interface.
I. INTRODUCTION
In a liquid film sheared between solid walls, Couette-like macroscopic flow is generated, and the flow energy is converted to thermal energy resulting in an increase in film temperature, which is viscous heating in the macroscopic sense. The thermal energy so generated is transferred via heat flux from the middle of the liquid film to the solid walls on both sides of the film. Such a phenomenon is extremely complicated when the film thickness is of the order of nanometers, because of additional factors such as influences of the solid walls and the large shear rate. Analysis of these phenomena to clarify the characteristics of the thermal energy transfer and momentum transfer is important not only for basic research on nonequilibrium microscopic thermal and fluid phenomena, but also for practical applications, such as lubrication control under extreme conditions, fabrication of low friction surfaces, and the development of new lubricants. For example, a lubricant liquid with a thickness of 1.5-2 nm is coated on a surface of a magnetic hard disk, which rotates over 10 000 rpm. The peripheral velocity near its outer rim reaches 50-100 m / s. The shearing phenomena of such liquid film when the magnetic head gets close to the disk surface and touches the lubricant film, which often occurs due to externally given physical shock, are extremely important because it determines the consequence: recovery or fatal crash of the magnetic disk system.
Liquid molecules in the vicinity of a solid wall are captured by the potential of solid molecules, forming a layered structure. 1, 2 This solidlike layered structure has been reported to show heat conduction properties similar to that of bulk liquids. 3 The layered structure, however, leads to a large influence on viscosity or resistance against stress as described below, and is also a significant influence on thermal phenomena via generation of thermal energy by shear and friction.
For a boundary lubrication system under the action of a constant frictional force, a stick-slip phenomenon is observed in which the sliding solid surface repeatedly sticks and slips. Its mechanism has been analyzed by taking into account the characteristics of the solidification of liquid molecules and fusion by shear. [4] [5] [6] As exemplified above, liquid in the vicinity of a solid-liquid interface exhibits a variety of flow characteristics depending on the conditions applied. An analysis of liquid flow by means of continuous fluid dynamics requires the appropriate boundary condition of liquid at the solid-liquid interface. The validity of the so-called noslip condition commonly used has been discussed. A theory has been proposed 7 which claims that even when the no-slip condition holds for a microscopic solid-liquid interface, the boundary condition on the macroscopic scale can be regarded as a condition equivalent to slip. Such a virtual slip condition results from the fact that owing to the microscopic roughness of the interface, the liquid gains some freedom from confinement by the solid wall. In the experimental aspects, the stick of liquid molecules on a solid surface has been reported on the basis of measurements of flow rate and its driving forces for a system of slit flow, 8 while another experimental data have been reported suggesting the presence of slip at a solid-liquid interface 9 as well as the direct observation of slip. 10 Still another report has proposed that the presence of slip is dependent on the flow of liquid. 11 For a consistent elucidation of such phenomena, molecular dynamics simulation is very useful, and hence a number of computational experiments have been carried out. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In these simulations, the velocity distributions and shear stress in the vicinity of the solid-liquid interface have been investigated for systems of Couette flow [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] or Poiseuille flow 12, 13, 25 of a liquid film interposed between two parallel solid walls. These studies have revealed the effects of various factors such as the number densities of solid and liquid molecules, 12, [14] [15] [16] the strength of interaction between solid and liquid molecules, 12, [14] [15] [16] [17] [18] [19] [20] [21] 25 the roughness of the solid surface, 16, 22, 23 the pressure of the system, 17 the gap between the solid walls, 13 and the molecular species of liquid.
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Fluid phenomena are accompanied by heat transfer phenomena because of the occurrence of viscous heating, as described above. From the viewpoint of thermal engineering, the thermal process is another important process, in which flow energy is converted to thermal energy and is transferred due to heat conduction from the liquid film to the solid walls via solid-liquid interfaces. In contrast to information about momentum transfer described above, little information is found in the literature about the generation and transfer of thermal energy in the liquid film and at solid-liquid interfaces. A review of previous work reveals only studies of thermal resistance at solid-liquid interfaces for a system composed of stationary liquid between solid walls at rest having different temperatures, 3, 19, [26] [27] [28] and studies of heat conduction and temperature distribution in Poiseuille flow 29 and Couette flow 24 between solid walls. In the abovementioned studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] which aimed to discuss velocity distribution and momentum transfer in Poiseuille flow and Couette flow, some artificial treatments that may affect the generation and transfer of thermal energy were applied. For examples, solid walls which were not atomically structured and expressed by a time-and space-averaged potential, 13 adiabatic conditions for the solid wall were set by fixing solid molecules on their lattice position or assuming extremely large masses, 12, 18, 22, 25 interaction among solid molecules was neglected, 14, 15, 17, [19] [20] [21] 23, 24 and liquid temperatures were intentionally controlled. [13] [14] [15] [16] [18] [19] [20] [21] 23, 25 These assumptions are not suitable for the analysis of thermal energy generation and transfer in the liquid-solid system. We have performed molecular dynamics simulations in which these points are taken into account, and analyzed the transfer of thermal energy and momentum in liquid films and at solidliquid interfaces to reveal that a highly nonequilibrium state ͑unequal partition of thermal energy to each degree of freedom for molecular motion͒ exists in solid and liquid in the vicinity of the interface.
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The present study of liquid film sheared by solid walls focuses on the analysis of the thermal energy and momentum transfer at the solid-liquid interfaces and the effect of the crystal planes of the solid walls. The system modeled by the molecular dynamics simulations was composed of a liquid film with a thickness of the order of nanometers and solid walls placed on both sides of the liquid film. Thermal energy flux and momentum flux were generated simultaneously by applying shear to the liquid film by moving the solid walls in opposite directions, and characteristics of the energy and momentum transfer at the solid-liquid interface were examined. The present study suggests that these characteristics are influenced markedly by the structure of the crystal plane and the direction of shearing. The mechanism by which such a molecular scale structure influences the energy transfer at the interface was examined by analyzing the molecular motion and its contribution to energy transfer at the solid-liquid interface.
II. SIMULATION SYSTEM AND METHOD
The simulation system used in the present study is shown in Fig. 1 . The system is composed of two parallel solid walls and a thin liquid film imposed between the walls. Two isothermal solid walls were placed at both ends of the basic cell in the z direction, and the liquid film was sheared by moving the walls at a constant and identical rate ͑50 m/s or 100 m / s͒ in opposite directions along the x axis. As a result, macroscopic flow momentum was transferred along the z axis in the liquid film, being accompanied by a temperature rise due to viscous heating, and the thermal energy generated by the conversion of the flow energy was transferred due to heat conduction from the center region of the liquid film toward the solid walls. Periodic boundary conditions were applied in the x and y directions.
Four types of solid walls were modeled as shown in Table I . The solid walls were assumed to have a fcc structure. The crystal plane ͑111͒, ͑100͒, or ͑110͒ was in contact with the liquid. For the ͑110͒ plane, shearing in two directions was applied. These four types are named A -D, respectively. Each solid wall was constructed using 7-11 layers of solid molecules in such a manner that the thickness in the z direction was almost identical for the four types of solid walls. No intentional control of molecular motion, such as temperature control, was applied in the calculation of molecular motion of solid and liquid molecules. However, the phantom molecules method 27 was applied so as to represent a heat bath at a constant temperature, to model an actual system that involves the part of a solid material ͑e.g., bearing͒ whose heat capacity is much larger than that of the liquid film. The phantom molecules are placed outside the solid molecule layers and excited by the random force of Gaussian distribution with a standard deviation whose magnitude is determined by the target temperature. The integrated interaction acting on the solid molecules from an isothermal semi-infinite solid is represented by the interaction between the solid molecules and the phantom molecules.
The interaction between solid molecules was modeled using a harmonic potential, with the potential parameters and mass values being those of platinum: the spring constant was 46.8 N / m, the equilibrium distance r eq = 2.77ϫ 10 −10 m, and the mass 3.24ϫ 10 −25 kg. The dimensions of the basic cell in the x and y directions were fixed to Ϸ5.0 nm in every case by arranging 12-20 solid atoms in each direction.
A total of three types of liquid molecules were selected for simulation, a monatomic molecule and two types of linear molecules. The Lennard-Jones ͑12-6͒ potential corresponding to argon was used for the interaction between the monatomic molecules, and the two-center Lennard-Jones ͑LJ͒ potential was used for the linear molecules. The equation of state and thermal conductivity of fluids modeled by the two-center LJ potential have been studied in detail by Tokumasu et al., 32 which guided us to select two sets of parameters for the linear molecules. The first species of linear molecule ͑molecule 1͒ is equivalent to an oxygen molecule, while the second species ͑molecule 2͒ is a hypothetic molecule which has a larger separation between the two sites than molecule 1, resulting in a larger contribution of rotational motion to heat conduction. The length parameter and energy parameter of these three types of molecules are collected in Table II . Here, subscripts "LL" and "LS" denote interaction between liquid molecules and that between liquid and solid molecules, respectively. The thickness of the liquid film, defined by the distance in the z direction between the time-averaged position of solid molecule layers, each of which contacted the liquid film at each end, was equated to 5 LL ͑several nanometers͒. The number of constituent molecules of the liquid film was determined by trial and error in such a way that the pressure of the liquid, which was measured by forces in the z direction acting on the solid walls, was within ±4 MPa so as not to influence the liquid structure. Interaction between a solid molecule and each site of a liquid molecule was modeled by the LJ potential; LS was selected to be the mean of LL and the equilibrium distance between solid molecules, and LS was assumed to be equal to LL . In all molecular dynamic simulations, every LJ potential was truncated at 5.
When the shear is applied to the liquid film, the temperature of the liquid film increases until it reaches a steady state at equilibrium. The value which the liquid film temperature reaches at the equilibrium is strongly dependent on the combination of the liquid molecule and the type of solid wall. In order to eliminate the effect of the difference between the liquid temperatures of the systems studied, the temperature of the phantom molecules in each system was selected in such a way that the average temperature of the layer of liquid molecules contacting the solid surface ͑referred to as the liquid contacting layer hereafter͒ at the equilibrium state was identical among the systems of the same liquid molecules with various walls and shear rates. The temperature of the liquid contacting layer mentioned here is based on the kinetic energy of liquid molecules due to the translational motion along the z axis ͑referred to as the z temperature hereafter͒, although thermal energy is not partitioned equally to all degrees of freedom for molecular motion, as will be described later, and the x, y, and z temperatures are not equal.
The average z temperature of the liquid contacting layer was selected to be 0.6-0.7 times the critical temperature 32 of the bulk liquid of each molecule: 110 K for the liquid of the monatomic molecule, 110 K for the linear molecule 1, and 140 K for the linear molecule 2.
The data for analyses were obtained by simulations with a time step of 2.5ϫ 10 −15 s for 1 000 000 steps ͑for a system of the monatomic molecule liquid͒ or 2 000 000 steps ͑for systems of the linear molecules' liquid͒, after an equilibrium state was established by an equilibration run for the preceding 1 000 000 steps. Figure 2 shows examples of the number density distributions obtained by the simulation. Figure 2͑a͒ displays the distribution for the combination of the linear molecule 2 and wall A with the velocity of ±100 m / s; the liquid molecules captured by the potential of the solid molecules form a layered structure parallel to the wall surface. The distribution peaks are broader and lower at positions more distant from the wall. Figure 2͑b͒ compares the distributions for the combinations of molecule 2 with the four types of walls. Since every distribution is practically symmetrical about the center of the liquid film, the distribution curves are shown only in the region 0 Ͻ z Ͻ 2.5 LL . The liquid contacting layer is at the furthest position from the wall in the case of wall A, the surface of which has the highest number density of mol- The averaged values over each layer of the solid and liquid molecules are plotted; seven data points on each side belong to the solid wall, and six points in the middle to the liquid film. Temperature T tr was computed from the kinetic energy corresponding to each degree of freedom for molecular translational motion; the value for the x direction was based on the random component of velocity obtained by subtracting macroscopic Couette-like flow velocity. T rot is a temperature computed from the rotational energy. Thus, the x, y, and z temperatures, T x tr , T y tr , T z tr , respectively, and T rot indicate how the thermal energy of the system is partitioned to each degree of freedom of molecular motion. Large jumps in temperature and velocity exist at the solid-liquid interfaces. The x-, y-, and z-temperature distributions in the solid and liquid exhibit significant differences among the degrees of freedom near the solid-liquid interfaces, which suggests that the energy is not equally partitioned among the degrees of freedom. The temperature distributions in the liquid film in the x and y directions have a shallow concave shape, and this form of the distribution is contrary to that predicted from macroscopic heat conduction concepts.
III. ANALYSIS OF THE SIMULATION RESULTS
These features observed in the temperature and velocity distributions differ significantly according to the types of solid walls. Figure 4 shows the results of simulation for the case of wall D compared to Fig. 3 for the case with wall A. Although the temperature jump observed in Fig. 4 is larger than that for wall A in Fig. 3 , the value of the thermal resistance is smaller because the heat conduction flux is much higher as shown in Fig. 5 , which is a result of the high shear rate in the liquid. The inverse temperature gradient observed in Fig. 3 is not appreciable in this case. The velocity jump at the solid-liquid interface almost disappears, while a significant temperature jump still exits at the interface. This observation indicates that resistance at the interface acts differently on each of the transfers of thermal energy and momentum; in other words, there is a difference between transfer of thermal energy related to molecular motion of various degrees of freedom and transfer of flow energy related to molecular motion of a specific degree of freedom.
The velocity distribution in the liquid film is almost linear, and the gradient is decreased in the vicinity of the walls. This is obvious in Fig. 4 for wall D and is present very slightly in Fig. 3 for wall A. This decrease in the gradient is due to a viscosity increase, which is caused by the layered structure of the liquid molecules in the vicinity of the solid walls.
All of the above characteristics found in Fig. 4 in case with wall velocity of ±100 m / s are observed also in case with wall velocity of ±50 m / s, where rate of liquid shear and viscous heating are similar to those in the case shown in Fig. 3 .
The momentum flux and energy flux through a control surface S xy are measured in the present system as follows. Regarding the momentum in the x direction: its flux in the z direction, P xz , is given by 33 
P xz S xy
where m and v i denote mass and velocity of molecule i, respectively. F ij and z ij are intermolecular forces between molecules i and j, and distance along the z axis between molecules i and j, respectively. The first term on the right side of Eq. ͑1͒ represents the transport of momentum of molecules themselves due to their motion; the summation is made over the molecules that pass through the control surface in a unit period of time. The second term represents the momentum transfer due to changes of molecular momentum caused by intermolecular forces acting between a pair of molecules; the double summation is made over all pairs of molecules which hold the control surface between them at a certain moment. In a similar way, the total energy flux in the z direction that passes through the control surface, J total,z , is given by
where F and v are the vectors of intermolecular force and the velocity of molecules, respectively. N ij and i are the torque vector acting on molecule i due to its interaction with molecule j, and angular velocity vector of molecule i, respectively. In the second term of the right side of Eq. ͑2͒, F ij · ͑v i + v j ͒ represents the contribution of the translational motion, which is referred to hereafter as translational energy transfer. The term N ij · i − N ji · j is effective in cases of linear molecules only, which represents the contribution of the rotational motion, i.e., rotational energy transfer. The total energy flux given by Eq. ͑2͒ involves both the transfer of the macroscopic flow energy and the thermal energy. The thermal energy transfer, i.e., heat conduction flux, is obtained by using the random component of molecular velocity instead of the entire molecular velocity. The velocity vector v of a molecule is divided into the macroscopic flow velocity v and the random component vЈ, and substitution of v in Eq. ͑2͒ by vЈ gives the heat conduction flux J cond,z .
In the present study, the control surfaces to measure the momentum flux and thermal energy flux were defined at the local minima in the number density distribution between layers of solid or liquid molecules, and at a position intermediate between the layers of solid and liquid molecules contacting each other across the solid-liquid interface. It is generally true in case of heat conduction in liquids that the second term on the right side of Eq. ͑3͒ associated with intermolecular interaction dominates over the first term. This tendency is promoted when the control surface is defined at the midpoint between the layers of liquid molecules. The present simulations have also shown that the contribution of the second term is 85%-95% of the total and is dominant in comparison with the first term. The second term is, therefore, analyzed in detail in the rest of this paper. Figure 5 shows the heat conduction flux, due only to the second term, measured at each control surface under the same simulation conditions as for Figs. 3 and 4 . The heat conduction flux observed for the system with wall D is about five times as large as that with wall A, due to differences in the velocity gradients induced in the liquid film of the two systems. In Fig. 5 , the translational energy transfer F ij · ͑v i + v j ͒ and the rotational energy transfer N ij · i − N ji · j are also plotted. The contribution of rotational energy transfer, which is about 30% in bulk liquid, 32 is larger than this value in the middle region of the liquid film, whereas it is much lower in the vicinity of the solid-liquid interface; this phenomenon is observed regardless of the type of solid wall. Figure 6 shows the translational energy transfer plotted in Fig. 5 , which is decomposed to the x, y, and z components in such a manner that
and plotted in the figure. In the system with wall A, only the z component contributes to the translational energy transfer, while the x and y components make negative contributions, which is related to the inverse temperature gradient observed in Fig. 3 . In contrast, in the system with wall D, the x and y components make positive contributions to the thermal energy transfer; this observation corresponds to the absence of an inverse temperature gradient in the liquid film as shown in Fig. 4 . The contribution of the x component is larger than that of the y component, the mechanism of which will be discussed later.
Similar analyses were performed on the systems with walls B and C. The correlation between momentum flux and velocity jump at the solid-liquid interface, and that between heat flux and temperature jump, were examined for the cases of walls A -D.
To define the velocity jump at the solid-liquid interface, a velocity distribution curve for the Couette-like flow of liquid was approximated by a polynomial equation, and the flow velocity of the liquid at the solid-liquid interface was extrapolated using this equation. Here, the solid-liquid interface is assumed to be at a position that divides the distance between the averaged position of the layer of solid molecules and that of liquid molecules which contact each other with a ratio of ͱ 6 2 LL to r eq . The velocity jump at the interface is defined as the difference between this liquid velocity at the interface and the velocity of the solid wall.
Velocity jumps thus obtained for a liquid film composed of the linear molecules 1 and 2 with the four types of solid walls are shown in Fig. 7 as functions of the momentum flux through the interface. The gradients of the curves increase with increasing momentum flux, which means that the momentum transfer characteristics between the solid wall and the liquid deteriorate at higher momentum flux and velocity jump. A similar behavior has been reported by Jabbarzadeh et al. 21 The ratio of velocity jump to momentum flux is, here, named momentum resistance in accordance with the concept of thermal resistance. For both cases with the linear molecules 1 and 2, wall A bears the highest momentum resistance, walls B and C have comparable values, and wall D has the lowest resistance; the value for wall A is 100-150 times as large as the value for D.
The characteristics obtained by a similar analysis for the liquid of the monatomic molecules, shown in Fig. 8 , are somewhat different from those for the linear molecules. The difference between the cases with walls B and C has widened and wall C is significantly more "slippery" than wall B, i.e., larger velocity jumps are needed to transfer momentum at the same rate. The momentum resistance increases in the order D Ͻ B Ͻ C Ͻ A. The difference between the cases with the linear molecules and the monatomic molecules is notable, although the linear molecule 1, which is equivalent to an oxygen molecule, is so short that its shape and potential surface are almost identical with those of the monatomic molecule. The detailed mechanism including the effect of molecular rotation should be clarified in future.
Commonly for the three types of liquid molecules, the wall A exhibits the largest momentum resistance, i.e., deteriorated momentum transfer characteristics. This phenomenon is thought to be associated with molecular-scale roughness of the potential surface made by the solid molecules at the solid-liquid interface. The surface of wall A has the highest molecular density, and hence has the smoothest potential surface in comparison with the other walls. The momentum resistances of walls B, C, and D are lower than that of wall A, supposedly because their more uneven potential surface enhances the exchange of momentum in the direction of shear between solid and liquid molecules. Wall C shows a higher momentum resistance than wall D, although they are composed of the same type of crystal plane. This observation indicates that a dominant factor for momentum resistance is the molecular-scale roughness of potential surface according to a positional change in the direction of shear, i.e., x.
Regarding the influence caused by the roughness of wall surface on slip at the solid-liquid interface, Jabbarzadeh et al. 23 assumed a system in which the wall had a sinusoidal surface and the liquid film consisted of polymer molecules with a length of about 5. Jabbarzadeh and co-workers examined the correlation between the period and amplitude of the sinusoidal roughness and the velocity jump at the solidliquid interface. The influence of the period was notable in the range of 10 -20, and was not significant below 10. The present study has provided a new case that molecular scale roughness of crystal planes with a smaller period results in a marked influence on the velocity jump.
Concerning the correlation between the heat conduction flux and the temperature jump at the solid-liquid interface, no significant difference was observed among the species of liquid molecules examined in the present study. The correlation obtained for the case of the monatomic liquid molecules is shown in Fig. 9 as a typical result. The temperature jump is defined simply as the difference between the temperatures of the liquid-and solid-molecule layers contacting each other across the solid-liquid interface. The temperature jump has been determined for each of the x, y, and z temperatures, which do not coincide in the present case as was observed in Figs. 3 and 4 , and the average of the three temperature jumps is shown in Fig. 9 . Linear correlations between the temperature jump and the heat conduction flux are observed for the four types of walls. Thermal resistance, which is defined by the ratio of temperature jump to heat flux, corresponds to the gradient of the correlation line in the figure. As is observed in the figure, the resistances of walls A and B are comparable and are the largest, and wall C exhibits a larger resistance than wall D. This order does not agree with the orders shown in Figs. 7 and 8 for the momentum resistance. This disagreement is due to the fact that thermal energy transfer is caused by molecular motion of various degrees of freedom, while the momentum transfer is caused only by the molecular motion in the x direction, which will be discussed below. components for walls A, B, and C are caused by the negative thermal energy transfer of the x component, in a similar manner to those shown in Fig. 6 for the case of linear molecules. The characteristics of the four types of solid walls appear in a different manner depending on the components. The z component that makes the largest contribution to the heat flux is associated with the molecular motion in the direction perpendicular to the solid-liquid interface, and hence the roughness of the potential surface of the solid wall is not an influencing factor, which is in contrast to the transfer of flow momentum. The major factor for the z component of heat flux is the number density of solid molecules on the wall surface, i.e., the number of molecules that can participate in the energy transfer. As a result, the z component of the thermal resistance is the lowest for wall A which has the highest surface number density of molecules, and then increases in the order B Ͻ C. The low thermal resistance for wall D may be related to the fact that other components of molecular motion also make a certain contribution to the thermal energy transfer and the energy of these components does not need to be converted to the z component before being transferred across the interface.
In contrast, the x and y components of the thermal energy transfer are strongly associated with the roughness of the potential surface of solid molecules, which liquid molecules experience according to a positional change in each of the x and y directions, even if the surface number density of solid molecules is lower to a certain extent as a sacrifice for the sake of the enhanced roughness. Consequently, walls C and D show the lowest thermal resistance for the y and x components, respectively. The thermal resistance for each of x, y, and z components is governed by those different factors, respectively, and the extent of the contribution of each component to the total heat flux is another factor to define the overall influence of the solid surface structure on the total thermal resistance shown in Fig. 9 .
IV. CONCLUDING REMARKS
For a system composed of a pair of parallel solid walls and an ultrathin liquid film interposed between the walls, molecular dynamics simulation has been performed on the liquid film that is sheared by moving the walls. The thermal energy transfer and the transfer of macroscopic flow momentum at the solid-liquid interface have been analyzed, and the influence of the wall structure on the transfer characteristics has been examined. Fluxes of thermal energy and momentum, and the resulting jumps in temperature and velocity at the solid-liquid interface, have been measured for the combinations of four types of solid walls and three types of liquid molecules, and the dependence of the energy and momentum transfer characteristics on the type of solid wall have been elucidated. The results have revealed that certain components of energy and momentum transfer, which are due to the molecular motion in directions parallel to the solid-liquid interface, are governed by surface roughness at the molecular scale, i.e., the unevenness on the potential surface formed by the surface solid molecules that liquid molecules interact with as they move in the relevant direction.
On the other hand, the component of energy transfer due to the molecular motion in the direction perpendicular to the surface, which is the major component of heat flux at the interface, is governed by the molecular number density on the solid surface.
The deviation from a macroscopic Couette flow is more notable at higher shearing rate. As the shearing rate is getting lower, the point in Figs. 7-9 approaches the origin of the figures, where the temperature and velocity jumps, and their differences among solid wall configurations diminish.
All of the results presented in this paper are derived using the same solid-liquid intermolecular potential for each liquid molecule. Although the present discussion on mechanism of energy transfer according to the degrees of freedom of molecular motion, and hence its qualitative difference among solid walls, are valid regardless of the epsilon, the magnitude of jumps in temperature and velocity will be sensitive to the epsilon. We are now doing more extensive parameter study to illustrate the entire view.
